(19) 



J 



(12) 



EuropSisches Patentamt 
European Patent Off lea 
Office europeen des brevets 

EUROPEAN PATENT APPLICATION 



inn 

(id EP 0 874 403 A2 



(43) Date of publication: 

23.10.1998 Bulletin 1998/44 

(21) Application number: 98106816.6 

(22) Date of filing: 15.04.1998 



(51) Int. a. 6 : H01L 29/78, H01S3/19, 

H01L 33/00, H01L 31/0232 



(84) Designated Contracting States: 


(72) Inventor: Kano, Hlroyukl 


AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 


Nishikamo-gun, Aichi-ken, 470-0201 (JP) 


MCNL PTSE 


(74) Representative: 


Designated Extension States: 


AL LT LV MK RO SI 


Leson, Thomas Johannes Alois, Dipl.-lng. et al 




Pate ntan watte 


(30) Priority: 26.04.1997 JP 123481/97 


Tledtke-Buhling-Klnne & Partner, 




Bavarlarlng 4 


(71) Applicant: 


80336 Munchen (DE) 


Canare Electric Co. Ltd. 




AJchl-gun, Alctil-ken 480-1131 (JP) 





(54) Semiconductor devices with quantum-wave Interference layers 



(57) A semiconductor device is constituted by a 
quantum-wave interference layer with plural periods of a 
pair of a first layer W and a second layer B. The second 
layer B has wider band gap than the first layer W. Each 
thickness of the first layer W and the second layer B is 
determined by multiplying by an odd number one fourth 
of wavelength of quantum-wave of carriers in each of 
the first layer W and the second layer B existing around 



the lowest energy level of the second layer B. A 5 layer, 
for sharply varying energy band, is formed at an every 
interface between the first layer W and the second layer 
B and has a thickness substantially thinner than the first 
layer W and the second layer B. The quantum-wave 
interference layer functions as a reflecting layer of carri- 
ers for higher reflectivity. 
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Description 

nrWffl™ ™ T MF INVENTION 
5 Ffr lf 1 of ftie Invention 
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Th presents otton relates to a dev.ce having quantunvw Interterence ^^^^ fjf™ 



with improved carrier reflectivity. 
nfsr.ri ption pM h e Related Art 



ered and the degree of luminous intensity improvement is inadequate. 
SI IMMARY O F THF INVENTION 

,» M and Mom) H** are 4 to 6 M tag* Mn E^SE? £ PES ^Md» «h dHMt band 

*. having Hun- p«fad> o. . M m« and . r^StSSe M J3 By- 
turn-wave wavelength of carriers in each of tne firet ano me second wywo, 

D w - n W W4 - n w h/4[2m W (E + V)] 1/2 (1) 

55 and 

D B -n B X B /4 = n B h/4(2m B E) 1/2 < 2) 
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In Eqs. 1 and 2, h, % m & E, V, and % n B represent a plank constant, effective mass of carrier in the first layer, 
effective mass of carrier in the second layer, kinetic energy of carriers at the lowest energy level around the second 
layer, potential energy of the second layer to th first layer, and odd numbers, respectively. 

The fourth aspect of the present invention is a semiconductor device having a plurality of partial quantum-wave 
Int rference layers l k with arbitrary periods T k including a first layer having a thickness of Dwk and a second layer having 
a thickness of D Bk and arranged in series. The thicknesses of the first and the second layers satisfy the formulas: 

D wk - n wk* wk/4 - n Wk h/4{2m Wk (E k+ V)] 1/2 (3) 

and 

D bk - n Bk^ bk* - n Bk h/4(2m Bk E J 1 * (4). 

In Eqs. 3 and 4, E kt m^, m Bk , and % and represent plural kinetic energy levels of carriers flowing into the 
second layer, effective mass of carriers with kinetic energy E^V in the first layer, effective mass of carriers with kinetic 
energy E|< in the second layer, and arbitrary odd numbers, respectively. 

The plurality of the partial quantum- wave interference layers l k are arranged in series from l t to lj, where j is a max- 
imum number of k required to form a quantum- wave interference layer as a whole. 

Trie fifth aspect of the present invention is a semiconductor device having a quantum-wave interference layer with 
a plurality of partiaJ quantum-wave interference layers arranged in series with arbitrary periods. Each of the plurality of 
partial quantum-wave interference layers is constructed with serial pairs of the first and second layers. The widths of the 

first and second layers of the serial pairs are represented by (D^ , D B1 ) (Dyvk. Dqk), .... [D Wl . D Bj ). (Dwk. Obr) « a 

pair of widths of the first and second layers and is defined as Eqs 3 and 4, respectively 

The sixth aspect of the present invention is to form a 8 layer between a first layer and a second layer, which sharply 
varies the energy band and has a thickness substantially thinner than that of the first and second layers. 

The seventh aspect of the present invention is a semiconductor device having a quantum-wave interference layer 
constituted by a plurality of semiconductor layers made of a hetero-material with different band gaps The interference 
layer is constituted by a plurality of 6 layers for sharply varying the energy band and being formed at an interval of one 
forth of a quantum-wave wavelength of carriers multiplied by an odd number. The thickness of the 6 layers is signifi- 
cantly thinner than the width of the interval. 

When a single level E of kinetic energy is adopted, the interval D B between the 5 layers is calculated by Eq. 2. When 
plural levels ^ of kinetic energy are adopted, the interval between the 5 layers are calculated by Eq 4. In the latter 
case, several partial quantum-wave Interference layers l k with the 5 layers formed at an interval in T k periods may 
be arranged in series from h to lj to form a quantum-wave interference layer as a whole. Alternatively, the partial quan- 
tum-wave interference layer may be formed by serial S layers with intervals of D B1> ... , D Bk , .... to D B j. and the plurality 
of the partial quantum- wave interference layers may be arranged in series with an arbitrary period. 

The eighth aspect of the present invention is to use the quantum-wave interference layer as a reflecting layer for 
reflecting carriers. 

The ninth aspect of the present invention is to constitute a quantum-wave incident facet in the quantum-wave inter- 
ference layer by a second layer with enough thickness for preventing conduct ion of carriers by a tunneling effect. 

The tenth aspect of the present invention is a light- emitting semiconductor device constituted by an n-type layer, a 
p-type layer, and an active layer that is formed between the n-type layer and the p-type layer, and wherein one of the n- 
type layer and the p-type layer is the quantum-wave interference layer described in one of the first to ninth aspects of 
the present invention. 

The eleventh aspect of the present invention is a light- emitting semiconductor device with a hetero-j unction struc- 
ture whose active layer is formed between an n-type conduction layer and a p-type conduction layer and one of the n- 
type and p-type conduction layers is the quantum-wave interference layer described in one of the first to tenth aspects 
of the present invention. The n-type and p-type conduct Ion layers respectively function as an n-type cladding layer and 
a p-type cladding layer and carriers are confined into the active layer by being reflected by the quantum-wave interfer- 
ence layer. 

The twelfth aspect of the present invention is a field effect transistor including the quantum-wave interference layer, 
described in one of the first to ninth aspects of the present invention, positioned adjacent to a channel. 

The thirteenth aspect of the present invention is a photovoltaic device having a pn junction structure including an 
n-layer and a player. At least one of the n-layer and p-layer is made of a quantum-wave interference layer described in 
one of the first to ninth aspects of the present invention for reflecting minor carriers as a reflecting layer. 
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(first and third aspects of the invention) 

The principle of the quantum-wave interference layer of the present invention is explained hereinafter. FIG. 1 shows 
a conduction band of a multi-layer structure with plural periods of a first layer W and a second layer B as a unit A band 
gap of th second layer B Is wider than that of the first layer W. Electrons conduct from left to right as shown by an arrow 
in FIG. 1 . Among the electrons, those that exist around the bottom of the second layer B are likely to contribute to con- 
duction. The electrons around the bottom of the second layer B has a kinetic energy E. Accordingly, the electrons in the 
first layer W have a kinetic energy E+V which is accelerated by potential energy V due to the band gap between the first 
layer W and the second layer B. In other words, electrons that move from the first layer W to the seoond layer B are 
decelerated by potential energy V and return to the original kinetic energy E in the second layer B. As explained above, 
kinetic energy of electrons in the conduction band is modulated by potential energy due to the multi-layer structure. 

When thicknesses of the first layer W and the second layer B are equal to order of quantum-wave wavelength, elec- 
trons tend to have characteristics of a wave. The wave length of the electron quantum-wave is calculated by Eqs. 1 and 
2 using kinetic energy of the electron. Further, defining the respective wave number vector of first layer W and second 
layer B as K w and Kb, reflectivity R of the wave is calculated by: 

R-(|K W |-|K B D/(|K W HK B D ( 5 >- 
= ([m W (E+V)] 1 *-[m B E] 1 *> / ([m W (E+V)] 1/2 +[m B EJ 1 *) 
= [1 Km B E/m W (E+V)) m ] I [1+(m B E/m W (E+V)) ™\ 

Further, when m B - m w , the reflectivity R is calculated by: 

R - [1 -(E/(E+V)) 1/2 M1+(E/(E+V)) 1/2 ] (&> 

When E/(E+V) - x , Eq. 6 is transformed into: 

R-(1-x 1/z )/(1+x iyz ) C7). 

The characteristic of the ref lectivtty R with respect to energy ratio x obtained by Eq. 7 is shown In FIG. 2. 
When the second layer B and the first layer W have S periods, the reflectivity R s on the incident facet of a quantum- 
wave is calculated by: 

R S = [0-* S >'< 1 +* S )] 2 (8) 
When the formula x s 1/10 is satisfied, R * 0.52. Accordingly, the relation between E and V is satisfied with: 

E £ V/9 (9) 

Since the kinetic energy E of conducting electrons in the second layer B exists around the bottom of the conduction 
band, the relation of Eq. 9 is satisfied and the reflectivity R at the interface between the second layer B and the first layer 
W becomes 52 % or more. Consequently, the multi-layer structure having two kinds of layers with different band gaps 
to each other enables effective quantum-wave reflection. 

Further, utilizing the energy ratio x enables the thickness ratio Db/D w of the second layer B to the first layer W to 
be obtained by: 

D B /D w -[m w /(m B x)] 1J2 (10). 

Thicknesses of the first layer W and the second layer B are determined for selectively reflecting one of holes and 
electrons, because of a difference in potential energy between the valence and the conduct ion bands, and a difference 
in effective macs of holes and electrons in the first layer W and the second layer B. Namely, the optimum thickness for 
reflecting electrons is not optimum for reflecting holes. Eqs. 5-10 refer to a structure of the quantum-wave Interference 
layer for reflecting electrons selectively. The thickness tor selectively reflecting electrons is designed based on a differ- 
ence in potential energy of the conduction band and effective mass of electrons. Further, the thickness tor selectively 
reflecting holes is designed based on a difference in potential energy of the valence band and effective mass of holes, 
realizing another type of quantum-wave interferenc layer for reflecting only holes and allowing electrons to pass 
thr ugh. 
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(fourth aspect of the invention) 

As shown in FIG 3, a plurality of partial quantum-wave interference layers l k may be formed corresponding to each 
of a plurality of kinetic energy levels E k Each of the partial quantum-wave interference layers l k has T k periods of a first 

5 layer W and a second layer 6 as a unit whose respective thicknesses (Dwk. Oq^ ar determined by Eqs. 3 and 4 The 
plurality of the partial quantum-wave interference layer l k is arranged in series with respect to the number k of kinetic 

energy levels E k . That Is, the quantum-wave Interference layer Is formed by a serial connection of l 1( l 2 and Ij. As 

shown in FIG. 3, electrons with each of the kinetic energy levels E k are reflected by the corresponding partial quantum- 
wave interference layers Accordingly, electrons belonging to each of the kinetic energy levels from E 1 to Ej are 

10 reflected effectively. By designing the intervals between the kinetic energies to be short, thicknesses of the first layer W 
and the second layer B (Dwk, D Bk) in ^ch of the partial quantum-wave interference layers l k vary continuously with 
respect to the value k 

(fifth aspect of the invention) 

15 

As shown in FIG. 4, a plurality of partial quantum-wave interference layers may be formed with an arbitrary period. 
Each of the partial quantum-wave interference layers, l 1( l 2 , ... is made of serial pairs of the first layer W and the second 
layer B with widths (0^, Q&J determined by Eqs 3 and 4 That is, the partial quantum-wave interference layer, e.g., Ij , 

is constructed with serial layers of width (D^, D B1 ), (Dw2. &B2) Pwj. Dap, as shown. A plurality l 1( l 2 . ... of layers 

20 such as layer ^ are connected in series to form the total quantum-wave interference layer Accordingly, electrons of the 
plurality of kinetic energy levels E k are reflected by each pair of layers in each partial quantum ^wave interference layers. 
By designing the intervals between kinetic energies to be short, thicknesses of the pair of the first layer W and the sec- 
ond layer B (D^, D Bk ) in a certain partial quantum-wave interference layer varies continuously with respect to the value 
k. 

25 

(second and sixth aspects of the invention) 

The second and sixth aspects of the present invention are directed to forming a 6 layer at the interface between the 
first layer W and the second layer B. The 5 layer has a relatively thinner thickness than both of the first layer W and the 

30 second layer B and sharply varies an energy band. Reflectivity R of the interface is determined by Eq. 7. By forming the 
5 layer, the potential energy V of an energy band becomes larger and the value x of Eq. 7 becomes smaller. Accordingly, 
the reflectivity R becomes larger. 

Variations are shown in FIGS. 8A to 8C. The 5 layer may be formed on both ends of the every first layer W as shown 
in FIGS. 8A to 8C. In FIG. 8A, the fi layers are formed so that an energy level higher than that of the second layer B may 

as be formed. In FIG. 8B, the 8 layers are formed so that an energy level higher than that of the second layer B may be 
formed. In FIG. 8B, the 8 layers are formed so that an energy level lower than that of the first layer W may be formed. 
In FIG. 8C, the 5 layers are formed so that the energy level higher than that of the second layer B and the energy level 
tower than that of the first layer W may be formed. As an alternative to each of the variations shown in FIGS. 8A to 8C, 
the 8 layer can be formed on one end of the every first layer W. 

40 Forming one S layer realizes large quantum-wave reflectivity at the interface between the first layer W and the sec- 
ond layer B and a plurality of the 8 layers realizes a larger reflectivity as a whole. 

(seventh aspect of the invention) 

46 The seventh aspect of the present invention is to form a plurality of 5 layers in second layer B at an interval D B deter- 
mined by Eq. 2. Variations are shown in FIGS. 5 to 7. In FIG. 5, the 8 layer is formed so that an energy level higher than 
that of the second layer B may be formed In FIG- 6, the 6 layer is formed so that an energy level lower than that of the 
second layer B may be formed. In FIG. 7, the 6 is formed alternately so that the higher and lower energy levels than the 
second layer B may be formed. 

so When a plurality of energy levels of electrons are set, the interval D B between the 8 layers in the second layer B 
corresponds to thicknesses of the second layer B in FIGS. 3 and 4 Accordingly a quantum-wave interference layer 
can be made from a serial connection of a number j of partial quantum-wave interference layers l k as shown in FIG. 3. 
In this case, 8 layers are disposed at an Interval with period T k in each partial interference layers and the number j 
corresponds to the kinetic energy of electrons. Alternatively, the 8 layers may be arranged at an interval from D B1 to D Bj 

55 in series and may be formed in the second layer B so as to make the partial quantum-wave interference layers and the 
plurality of the partial quantum-wave interference layers, arranged in series as shown in FIG. 4. 



5 



10 



15 



EP0 874403 A2 

(eighth aspect of the invention) 

The eighth aspect of the present invention is directed to a quantunwave interferencelayer thatf^ons^a 
refleS^aTseiectiveiyco^es carriers in an adjacent layenAs mentioned above, the quantum^** Ser- 
ene layer can be designed to confine eith r electrons or holes selectively. 

(ninth aspect of the Invention) 

The ninth aspectof the present Invert, or ^^^^^^^^^^ 
quantum-wave interference layer, and effectively prevents conduction by tunneOng effects and reflects carriers. 

(tenth and eleventh aspects of ttie invention) 

According to the tenth and eleventh aspects of the present invention. ^^^^ e 
formed" at least one of 1he p-type layer and an n4ype layer sandwiching an active layer of a W-*r*W 6em,con 
Sdevtcetfd efitively rea!L confinement of carriers in the active teyerand increases output power. 

(twelfth aspect of the invention) 

ar^rrfino to the twelfth asoect of the present invention, a quantum-wave interference layer is formed adjacent to a 

20 chan^aleSl^^ 

s as to improve an amplification factor of the transistor and signaMo-no.se (S/N) rata 

(thirteenth aspect of the invention) 

According to the thirteenth aspect ol the present invention, a quantum-wave ^^^J^J^l ^ 
tovoSevice with a pn junction structure and Elects m ™ r ^^ , 1^^S^ 
thecarrieratoa reverse direction around the junction, improving opto-electnc conversion efficiency. 

30 R piFF DFRCRIP TPN P F ™ F "RAWING 

nthor ohiects. features and characteristics of the present invention will become apparent upon consideration of the 
*JSd^ 

the specification, and wherein reference numerals designate correspond^ parts In the various in the various figures. 

35 wherein: 

FIG. 1 is an explanatory view of a conduction band of a multi-layer structure according to first and third aspects of 

the present invention; „. 
FIG 2 is a graph showing a relation between an energy ratio x and a reflectivity R. 

FIG. 3 is ar .explanatory view of partial quantum-wave interference layers Ik according to the fourth aspect of the 

RGTiiTnCanatory view of partial quantum-wave interference layers l k according to the fifth aspect of the 

RGT^ar^axdanatory views of 8 layera according to the seventh aspect of the present invention; 
Fiot^a^^^ 

RG 9 is a sectional view showing a first exemplary structure of a ligrt-emitting device (Example 1); 
FIGS 10A and 10B are views showing energy diagrams of the Ogm-en^ device (E^ 

Pine i*a and 12B are views showing energy diagrams of the light-emitting device in Example 
F^agra^^^ 

FIG. 14 Is a graph showing the relationship between thickness of the second layer B and luminous IntensHy In 

fS^V; graph showing the relationship between thickness o. a 8 layer and luminous intensity in Example 3; 
FIG 1 6 is a view showing an energy diagram of the MOSFET in Example 4; ana 
FIG', uisaviewshowingmeenergydiagramofthepliotowltaicdevlce in Example 5. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 



The invention will be more fully understood by reference to the following examples. 
5 Example 1 

FIG. 9 Is a sectional view ol a light-emrtting diode (LED) 100 in which a quantum-wave Interference layer Is formed 
in a p-type cladding layer. The p-type cladding layer of the LED 100 has a substrate 10 made of gallium arsenide 
(GaAs). A GaAs buffer layer 12 of n-type conduction, having a thickness generally of 0.3 jim and an electron concen- 

io trationof 2x 10 18 /cm 3 , is formed on the substrate 10. An n-Ga 051 ln 0 . 49 P contact layer 14 of n-type conduction, having 
a thickness generally of 0.3 nm and electron concentration of 2 x 10 18 /cm 3 , is formed on the buffer layer 12 An n- 
Alrj.5i l n o.4sP cladding layer 16 of n-type conduction, having a thickness generally of 1 .0 pm and an electron concentra- 
tion of 1 x10 18 /cm 3 , is formed on the contact layer 14. A non-doped Gao .51 ln 0 49 P emission layer 18, having a thickness 
generally of 14 nm. is formed on the cladding layer 16. An electron reflecting layer 20 functioning as a quantum-wave 

15 interference layer is formed on the emission layer 18. A p-AIq 51 ln 0 cladding layer 22 of p-type conduction, having a 
thickness generally of 1 0 nm and a hole concentration of 1 x lO^/cm 3 , is formed on the electron reflecting layer 20 A 
Gao .51 ln o.49 p second contact layer 24 of p-type conduction, having a thickness generally of 0.2 pm and a hole concen- 
tration of 2 x 10 18 /cm 3 , is formed on the cladding layer 22. A p-GaAs first p-type contact layer of p-type conduction, hav- 
ing a thickness generally of 0.1 ^m, is formed on the second contact layer 24. An electrode layer 28 made of gold and 

20 germanium (Au/Ge), having a thickness generally of 0.2 urn, is formed so as to cover the entire back of the substrate 
10. Another electrode layer 30 made of gold and zinc (Au/Zn), having a thickness generally of 0.2 pm, is formed on 
some portion of the first contact layer 26. The substrate 10 has a diameter of 2.0 inch and the normal direction of its 
main surface is offset toward [01 1] axis by 15 degree from plane (100). 

The LED 100 was manufactured by gas source molecular beam epitaxial deposition (GS-MBE). which is an epitax- 

26 ial growth method performed under extremely a high vacuum condition. GS-MBE is different from a conventional MBE, 
which supplies group III and V elements both from the sources. In GS-MBE. group III elements such as indium (In}, gal- 
lium (Ga), and aluminum (Al) are supplied from a solid source and group V elements such as arsenic (As) and phos- 
phorus (P) are supplied by heat decomposition of gas material such as AsH 3 and PH 3 . 

In the energy diagrams of FIGS. 1 0A and 10B, the n-type cladding layer 16, the emission layer 1 8, and the electron 

30 reflecting layer 20 are shown. FIG. 10A shows an energy level of conduction and valence bands on the condition that 
no external voltage is applied to the LED 1 00, and FIG. 1 0B shows the energy level on the condition that the external 
voltage is applied thereto. The electron reflecting layer 20, or a quantum-wave interference layer, has a murij-quantum 
layer structure with 15 periods of a p-Gao 51 Irig 49 P well layer as a first layer W and a p- Al 0 .51 ln 0 49P barrier layer as a 
second layer B. A 6 layer made of p-Afc 33 Gao 33 ln 0 33 P is formed at each interface between the first layer W and the 

ss second layer B. Thicknesses of the first layer W and the second layer B are respectively determined according to Eqs. 
1 and 2. Only the first second layer Bq is designed to have enough thickness to prevent conduction of carriers by tun- 
neling effects. The 6 layer is formed to have a thickness of 1 .3 nm. Accordingly, electrons injected from the n-type clad- 
ding layer 16 into the emission layer 18 are reflected effectively by the electron reflecting layer 20 and confined into the 
emission layer 18. Although the valence band of the electron reflecting layer 20 also has a multiple period of energy 

40 level, holes are designed not to be reflected thereby. The respective thickness of the first layer W and the second layer 
B in the reflecting layer 20 is designed to reflect electrons only. Therefore, holes injected from the p-type cladding layer 
22 pass through the electron reflecting layer 20 thu6 reaching the emission layer 18 easily and being confined therein 
by the cladding layer 16. 

Luminous intensity was measured by varying the respective thickness of the first layer W and the second layer B. 

45 FIG. 13 shows a result when the thickness of the second layer B was fixed at 7 nm and that of the first layer W was 
varied. As shown in FIG. 13, a peak of luminous intensity was obtained when the thickness of the first layer W was 5 
nm. Then, luminous intensity was measured fixing the thickness of the first layer W at 5 nm and varying that of the sec- 
ond layer B, the result being shown In FIG. 14. When the second layer B has a thickness of 7 nm, luminous intensity 
showed its peak. As a result, the LED 100 with the electron reflecting layer 20 was found to have a maximum luminous 

so Intensity when the first layer W had a thickness of 5 nm and the second layer B had a thickness of 7 nm. The maximum 
luminous intensity wa6 eightfold of that of a LED without the electron reflecting layer 20. 

Example 2 

ss FIG. 1 1 shows an LED 200 used in the present embodiment. The LED 200 has a hole reflecting layer 32 addition- 
ally to the LED 100 structure for reflecting holes. The hole reflecting layer 32 is formed between the n-type cladding 
layer 16 and the emission layer 18 and has a same structure as the electron reflecting layer 20 of the LED 100. The 
thickness of the first layer W is 1 .0 nm and that of the second layer B is 1 .2 nm. FIG. 12A shows an energy level of con- 
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channel of an inversion layer just beneath an insulation film 40. conducting minor earners through the <^^ # ^'^ r 

irterference layer 20 was formed belcwthe charm I as shown in FIG. 16 having a mulHayer structure wrth art^ary 
ShrJvli second layer B mad d silicon (5Q and the first layer W made of G, As a «uh mc*e cam * 
were confined in the channel of the inversion layer. In addition, S/N ratio was improved, response trne » 
end driving voltage was lowered. When an n-type channel and electrons as a carrier were used, the most preferable 
thickness of the second layer B was 6.8 nm and that of the first layer W was 2.0 nm. 



Example? 



A quantum-wave Interference layer can be formed in a photovoltaic device with a pn ^ ' * *™ 
in FIG 17 an electron reflecting layer 20 . formal in a p-layer, and a hole reflecting layer 32 .s formed in an n-layer. 

tial declination of conduction bands whfle the rest of the electrons drift to the p-layer so as not to ccntribute to Induction 
of voltage. The larger the intensity of the inddent Oght becomes, the more electrons overflow to !h « P» fl S«^^ 
the eteciron reflecting layer 20. or a c^rturiH«ave interference layer, «vas formed .n player .n ^J 1 ^ 
aresultdriftingof electrons were prevented, ^u^m*^*^**^W™* 
holes do not contribute to induction of vottage on account of holes drifting to then-iayer ,n a «^*"* 
Accordingly in th« embodiment the hole reflecting layer 32, or a quartiirrHvave interference layer, was formed in the n- 
layer. As a result, drifting of holes were prevented and enabled more holes to conduct to the p-layer. Consequently, leak- 
age of current was minimized and efficiency of electro-optic conversion was improved. 

In the present invention, embodiments of LEDs with quantum*ave irrterierence ^ « 
as Eample 1 -5. Alternatively, the quantum^vave interference layer can be applied to a laser diode. Further, ^ E« W 

I- 5, the quantom-WBve interference layer was formed to have a mufti-layer structure made of ternary oompo^ 

including Ga 0 „W and %,lrW- the ^^^^J^^^ 

such as Al Gajn, P, selecting arbitrary composition ratio within the range of Osxsi, Wy*1, and 0a+yS1. As 
another alternative, the quantum-wave interference layer can be made of group lll-V compound semtoonductor, group 

II- VI conpound semiconductors, Si and Ge. and semiconductors of other hetero-matenal. 

While the Invention has been described In connection with what are presently ordered to be the nndpndM 
and preferred entodiments, it is to be understood that the invention is not to be fimrted to hen disclosed tMt 
but on the contrary, the description is Intended to cover various modifications and eqdvaJert [^^^ 
within the spirit and scope of the appended claims. The present document claims the benefit of Japanese priority doc- 
ument filed in Japan on April 25, 1997, the entire contents of which is incorporated herein by reference. 

Obvious^, numerous mentions and variations of the present Invention are possible In Oght of the above teach- 
ings. It is therefore to be underetood that within the scope of the appended claims the invention may be practiced oth- 
erwise than as specifically described herein. . . . 

layer W and a second layer B. The second layer B has wider band gap than the first '^ er ^J a * ? 

layer W and the second layer B is determined by multiplying by an odd nurroer one fourth of wavelength of quantum- 
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wave of carriers in each of the first layer W and the second layer B existing around the lowest energy level of the second 
layer B. A s layer, for sharply varying energy band, is formed at an every interface between the first layer W and the sec- 
ond layer B and has a thictaiess substantially thinner than th first layer W and the second layer B. The quantum-wave 
interference layer functions as a reflecting layer of carriers for higher reflectivity 

5 

Claims 

1 . A semiconductor device comprising: 

w a quantum-wave interference layer having plural periods of a pair of a first layer and a second layer, said sec- 

ond layer having a wider band gap than said first layer; and 

wherein each thickness of said first and said second layers is determined by multiplying by odd number 
one fourth of wavelength of quantum-wave of carriers in each of said first and said second layers existing 
around the lowest energy level of said second layer. 

75 

2. A semiconductor device comprising: 

a quantum-wave interference layer having plural periods of a pair of a first layer and a second layer, said sec- 
ond layer having a wider band gap than said first layer; 

a 5 layer for sharply varying energy band, being formed between said first and said second layers; and 

wherein each thickness of said first and said second layers is determined by multiplying by odd number 
one fourth of wavelength of quantum-wave of carriers in each of said first and said second layers and thickness 
of said 5 layer is substantially thinner than that of said first and said second layers. 

A semiconductor device according to claim 1 , 

wherein said wavelength A, w in said first layer is determined by a formula X w - h/[2m W (E+V)] , said wavelength 
X B in said second layer is determined by a formula X B - h/(2m B E) 1/2 , said thickness of said first layer D w is deter- 
mined by a formula D B «n w X w /4, and said thickness of said second layer D B is determined by a formula 
D B = n B X B /4 , where h. m w , m^ E, V, and n w and n B represent a plank constant, effective mass of said carrier in 
said first layer, effective mass of said carrier in said second layer, kinetic energy of carriers at the lowest energy 
level around said second layer, potential energy of said second layer to said first layer, and odd number, respec- 
tively. 

35 A. A semiconductor device according to claim 2, 

wherein said wavelength 3L W in said first layer is determined by a formula X. w = h/pm W (E+V)] 1/2 . said wavelength 
X B in said second layer is determined by a formula A, B - h/(2m B E) 1/2 , said thickness of said first layer D w is deter- 
mined by a formula D w = n W X ^4 , and said thickness of said second layer D B satisfies a formula D B = n B x B /4 , 
where h, % m B , E, V, and n w n B represent a plank constant, effective mass of said carrier in said first layer, effec- 

40 tive mass of said carrier in said second layer, kinetic energy of carriers at the lowest energy level around said sec- 
ond layer, potential energy of said second layer to said first layer, and odd numbers, respectively. 

5. A semiconductor device having a quantum-wave interference layer with plural periods of a pair of a first layer and 
a second layer, said second layer having a wider band gap than said first layer, comprising: 

45 

a plurality of partial quantum-wave Interference layer ^ with T k periods of a pair of said first layer and said sec- 
ond layer being displaced in series by varying k as 1, 2, and 

wherein index k of said plurality of said partial quantum-wave interference layers correspond to index k 
of kinetic energy level E k and said first and second layers have thicknesses of i^wk/ 4 and n^^JA, respec- 
so lively, where E,<+V and E k . Xy* and l Bk . and nw k , n^ represent kinetic energy level of carriers flowing into 

respective said first layer and said second layer, wavelength of quantum-wave of carriers flowing into respec- 
tive said first layer and said second layer, and odd numbers, respectively, and Xy* and are determined by 
functions of E^V and E k , respectively. 

55 6. A semiconductor device having a quantum-wave interference layer with plural periods of a pair of a first layer and 
a second layer, said second layer having a wider band gap than said first layer, comprising: 

a piurality of partial quantum- Wave interference layer, each of said partial quantum-wave interference layer 
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having serial pairs of said first layer and said second layer with serial part of «*^J* 
sAeti^ 

qTntum-wave 3 carriers flowing into respective said first layer and sa.d second layer, and odd numbers, 
respectiv ly. and Xw* and Xbx are determined by functions of E^V and E k . respectively. 

7 A semiconductor device according to claim 1 , ^. .. 
wh*S 6 fcyer is formed between said first and second layers for sharply varymg energy band and has a ft* 
ness substantially thinner than said first and said second layers. 

8 A semiconductor device according to claim 5, ^. . 

wh^^aS layer is formed between said first and second layers for sharply varying energy band and has a thick- 
ness substantially thinner than said first and said second layers. 

9 A semi conductor device according to claim 6 P 

whtSn a 8 layer is formed between said first and second layers fa sharply varying energy band and has a thick- 
ness substantially thinner than said first and said second layers. 

10. Asernkxxxfcctwdevlceha^ 
width, further comprising: 

a quantum-wave interference layer Including a plurality of 5 layers tor sharply varying energy r band, said 8 lay- 
ers being formed at the interval of one forth of wavelength of o^rn-wave of »uri|M by an odd 
number, and thickness of said 8 layers being substantially thinner than width of said interval. 

11 A semiconductor device according to claim 1, 
" wha™d™antum^ave interference layer functions as a reflecting layer for ref lecfng sari earners. 

12. A semiconductor device according to claim 2. 

wherein said quantum-wave interference layer functions as a reflecting layer for refteefng sari earners. 

1 3. A semiconductor device according to claim 5, „w ™>rri Q r* 
wherein said quantum-wave Interference layer functions as a reflecting layer for reflecting said carrleis. 

14 A semiconductor device according to claim 6, 

wSWaTJLm^ kJL«« I*, functa* . . nfecUng N« to riding sad »r,«, 

enough thickness to prevent conduct ion of carriers by a tunneling effect. 

1 7. A semiconductor device according to claim 2, u,™ havlnn 

wherein an incident plane of quantum^ave In said quantum-wave Interference layer is said second layer having 
enough thickness to prevent conduct ion of carriers by a tunneling effect. 

enough thickness to prevent conduct ion of carriers by a tunneling effect. 

enough thickness to prevent conduct ion of carriers by a tunneling effect. 

20. A senrtiooreluctor device according to claim 10, i nvo , hasmwi 

wherein an incident plan of quantum-wave in said quantum^ave interference layer is said second layer having 
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enough thickness to prevent conduct ion of carriers by a tunneling effect 

21 . A light-emitting semiconductor device having a quantum-wave interference layer of claim 1 and further comprising: 

5 an n-type layer; 

a p-type layer; 

an active layer formed between said n-type layer and said p-type layer ; and 

wherein one of said n-type layer and said p-type layer is said quantum-wave interference layer. 

io 22. A light-emitting semiconductor device having a quantum- wave interference layer of claim 2 and further comprising: 

an n-type layer; 
a p-type layer; 

an active layer formed between said n-type layer and said p-type layer; and 
is wherein one of said n-type layer and said p-type layer is said quantum-wave interference layer. 

23. A light-emitting semiconductor device having a quantum-wave interference layer of claim 5 and further comprising: 

an n-type layer; 
20 a p-type layer; 

an active layer formed between said n-type layer and said p-type layer ; and 

wherein one of said n-type layer and said p-type layer is said quantum-wave interference layer. 

A light-emitting semiconductor device having a quantum-wave interference layer of claim 6 and further comprising: 

an n-type layer; 
a p-type layer; 

an active layer formed between said n-type layer and said p-type layer; and 

wherein one of said n-type layer and said p-type layer is said quantum-wave interference layer. 

A light- emitting semiconductor device having a quantum-wave interference layer of claim 10 and further compris- 
ing: 

an n-type layer; 
35 a p-type layer; 

an active layer formed between said n-type layer and said p-type layer; and 

wherein one of said n-type layer and said p-type layer is said quantum-wave interference layer. 

26. A light-emitting semiconductor device according to claim 21 , wherein said n-layer and/or said p-layer form a hetero- 
40 junction to said active layer respectively functioning as an n-type cladding layer and a p-type dadding layer and said 

carriers are confined into said active layer by being reflected by said quantum-wave interference layer. 

27. A light-emitting semiconductor device according to claim 22, wherein said n-layer and/or said p-layer form a hetero- 
j unction to said active layer respectively functioning as an n-type cladding layer and a p-type cladding layer and said 

45 carriers are confined into said active layer by being reflected by said quantum-wave interference layer 

28. A light-emitting semiconductor device according to claim 23, wherein said n-layer anaYor said p-layer form a hetero- 
j unction to said active layer respectively functioning as an n -type cladding layer and a p-type cladding layer and said 
carriers are confined into said active layer by being reflected by said quantum-wave interference layer 

50 

29. A light-emitting semiconductor device according to claim 24, wherein said n-layer anoYor said p-layer form a hetero- 
junction to said active layer respectively functioning as an n-type cladding layer and a p-type cladding layer and said 
carriers are confined into said active layer by being reflected by said quantum-wave interference layer. 

55 30. A light-emitting semiconductor device according to claim 25. wherein said n-layer and/or said p layer form a hetero- 
junction to said active layer respectively functioning as an n-type cladding layer and a p-type cladding layer and said 
carriers are confined into said active layer by being reflected by said quantum-wave interference layer. 
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31 . A field effect transistor comprising a quantum-wave interference layer of claim 1 formed adjacent to a channel. 

32. A field effect transistor comprising a quantum-wave interference layer of claim 2 formed adjacent to a channel. 
5 33. A f i Id effect transistor comprising a quantum-wave interference layer of claim 5 formed adjacent to a channel. 

34. A field effect transistor comprising a quantum-wave interference layer of claim 6 formed adjacent to a diannet. 

35. A field effect transistor comprising a quantum-wave Interference layer of claim 10 formed adjacent to a channel. 

10 

36. A photovoltaic device having a pn junction including an n-layer and a p-layer comprising at least one of said n-layer 
and said p-layer being made of a quantum-wave interference layer of claim 1 for reflecting minor carriers as a 
reflecting layer. 

is 37. A photovoltaic device having a pn junction including an n-layer and a p-layer comprising at least one of said n-layer 
and said p-layer being made of a quantum-wave interference layer of claim 2 for reflecting minor carriers as a 
reflecting layer. 

33. A photovoltaic device having a pn junction including an n-layer and a p-layer comprising at least one of said n-layer 
20 and said p-layer being made of a quantum-wave interference layer of claim 5 for reflecting minor carriers as a 

reflecting layer. 

39. A photovoltaic device having a pn junction including an n-layer and a p-layer comprising at least one of said n-layer 
and said p-layer being made of a quantum-wave interference layer of claim 6 tor reflecting minor carriers as a 

25 reflecting layer. 

40. A photovoltaic device having a pn junction including an n-layer and a p-layer comprising at least one of said n-layer 
and said p-layer being made of a quantum-wave interference layer of claim 10 for reflecting minor carriers as a 
reflecting layer. 

30 
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